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Introduction
Magnetic microparticles and their application in bioanalytical microfluidic systems have been steadily gaining interest in recent years [1] [2] [3] . This progress is largely caused by the advantage of generating comparatively large and long-range magnetic forces that can be obtained independent of fluidic flow pattern. Based on their application in macroscopic bench-top procedures, the magnetic particles are often employed in lab-on-a-chip systems to capture biomolecules or cells of interest and transport them to a chosen point, e.g. for detection or further processing [4] [5] [6] . In most cases, the actuation is achieved by attracting the magnetic particles towards a wire or a microcoil, where they serve as magnetic labels that can be detected via magnetoresistive effects [7] [8] [9] . Further methods of choice are the optical detection of fluorescently labeled particles or the observation via a microscope [3, 6] . The advantage of optical detection in these cases is the absence of interaction between actuation and detection, which permits an increased sensitivity of the system. Both magnetoresistive and optical approaches have been shown to allow the detection of single magnetic particles, even though differentiation between particle sizes has not yet been demonstrated [3, 10, 11] .
In this paper we present a CMOS-based system that combines guided magnetic actuation of single magnetic particles with integrated optical detection. The magnetic manipulation of the microparticles is achieved by modulating the topology of a magnetic field over the chip surface via an array of micro-coils [12, 13] . This method allows a very precise control of the microparticle position within a glass micro-capillary and does not require external moving parts. The scale of the system permits the manipulation of single magnetic particles of different sizes (1-30 m) . The use of single photon avalanche diodes (SPADs), positioned in the centers of the actuation coils ensures the optical detection with the necessary high sensitivity [14] . We evaluate the optical signal based on transit photometry, a method rather known from astronomy [15] , but, as we show, also applicable for the microworld.
Design and working principle
In order to achieve a high flexibility of the system, we chose a hybrid approach, combining a CMOS chip with an exchangeable microfluidic system. The CMOS chip, comprising four [16] . Fig. 1 presents schematic views of the system in combination with a photomicrograph of the chip including close-ups of a coil and a center SPAD. A glass micro-capillary (Vitrocom), which serves as model for future microfluidic systems, is placed on top of the coils and contains the magnetic particles suspended in an aqueous solution. The actuation of the magnetic particles is achieved via a three-phase current scheme [13] . If one coil is set to attractive mode, the adjacent coils are switched both to repulsive mode, thus increasing the magnetic field gradient, which exerts a force on the particles into the desired direction. In order to achieve attractive and repulsive modes, we alternate the direction of the coil currents. The absolute value of the dc current in an active coil is 40 m, A which amounts to a power consumption of 9 mW for each coil. Fig. 2 illustrates the topology of the magnetic field during current switching and the subsequent behavior of a cloud of magnetic particles. The particles are additionally magnetized via a perpendicular homogeneous magnetic field applied from outside the chip by means of an electromagnet.
Optical detection
For the optical detection we profit from the advantageous properties of a SPAD, which is a p-n junction reverse biased above breakdown by an excess bias voltage V e . This configuration, schematically shown in Fig. 3 , causes the optical gain to become virtually infinite, thus making single photon detection possible. When a photon is absorbed in the multiplication region, an avalanche is triggered. Thanks to a ballast resistance placed in series to the p-n junction, the reverse bias temporarily drops below breakdown and quenches the avalanche. The combined duration of avalanche quenching and recharge time determines the sensor's dead time and in consequence the detection cycle of the SPAD. In this design, avalanche quenching is achieved through a passive method. The measured dead time of 40 ns, resulting in a detection saturation count rate of 25 MHz, is well below the time a particle requires for its transit between coil centers. The voltage pulse obtained during a detection cycle is regenerated and converted to a digital pulse by an inverter. The probability that a digital pulse is generated upon impinging photons, the photon detection probability (PDP), is plotted in Fig. 4 as a function of excess bias voltage V e and wavelength. The noise caused by a SPAD determines the minimum detectable photon flux and is characterized by the frequency of spurious pulses. These pulses are created by carriers that are not photo-generated and their effect is known as the dark count rate (DCR). It is caused by thermal or tunneling generated carriers and is therefore a strong function of temperature and excess bias voltage. In the present design, the DCR amounts to 750 Hz for an excess bias voltage of 3.3 V at room temperature. The signals of the SPADs on the chip are recorded continually via a computer interface, allowing simultaneous transport and detection.
Particle photometry
The optical detection of the actuated opaque spherical magnetic particles is based on a photometry method [17] . The SPAD is permanently illuminated using the light of a standard reflective microscope (Zeiss Axioimager). When a particle is passing over a coil center and the corresponding SPAD the number of arriving photons and in consequence the intensity of the light at the sensor is lowered, as schematically shown in Fig. 5 . The transit of microparticles can thus be described as a micro-eclipse of the lightspot illuminating the SPAD. The decrease ( I) in measured light intensity (I) depends on the radius r of the passing particle (see schematic in Fig. 5c ) and can be derived from the geometric constellation of the system [17] :
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Further parameters are the properties of the microscope objective, such as its focal length f and numerical aperture NA = n sin(α) with a refractive index of n = 1 for air, as well as the distance between the particle and the SPAD (dist SPAD ), with dist SPAD f. The influence of the capillary wall (n = 1.5) and the liquid medium (n = 1.3) can be neglected since their thickness is much smaller than the distance between the light source and the particle. With all parameters known, the variation in the photon count can be converted into the particle radius, following Eq. (1).
Particle velocity measurements
In addition to the determination of the particle size, the presence of multiple SPADs on the chip permits the determination of further particle parameters such as the magnetization or the magnetophoretic mobility [18] . Both can be determined via the Fig. 5 . Schematics of the optical detection principle based on photometry: (a) transition of the particle as seen from the sensor; (b) schematic graph of the light intensity at the sensor; (c) model of the illumination during particle transit. The back-projected particle radius R p is proportional to the amount of light blocked. Focal length and numerical aperture are determined by the chosen objective. measurement of the particle speed. Observing the SPADs of two adjacent coils we can detect the moment of particle departure and subsequent arrival at the next position. With the known distance between the coil centers and the elapsed time, the particle velocity v can be estimated. Since the small dimensions of the system lead to a Reynolds number smaller than 0.1, Stokes, Law can be used to calculate the viscous drag acting on the moving particles.
D m is the particle diameter, v the particle velocity and η is the viscosity of the surrounding medium. Analytical field simulations indicate a fairly constant gradient of the magnetic flux density B = 8 T/m, which results in an equally constant magnetic force F m on the particle of volume V m due to
with the magnetic field H and the particle's magnetic susceptibility χ m . Due to the magnetic design of the system, the magnetic particles, which are statically magnetized via an external magnetic field, are slightly lifted from the channel bottom when the nearest coil changes into the repulsive mode. Thus the particles float during the transport and are not hindered by the friction with the capillary walls. This makes the magnetic force and the viscous drag the governing forces in our system and allows us to combine Eqs. (2) and (3) in order to obtain an expression for the volume magnetization M of the particle:
The knowledge of the magnetization M enables us to determine the particles' volume magnetic moment m via the known particle size and the amount of particles per gram given by the supplier.
Experimental
We examined the magnetic and optical performance of the system by manipulating magnetic particles of different diameters (1, 3, 5, and 30 m) within a glass micro-capillary. The walls of the glass capillary have a thickness of 25-100 m, which lowers but also smoothens the magnetic field acting on the particles with increasing thickness. The magnetic particles follow the field gradient to the next corresponding coil center, where they are optically detected by a SPAD. All experiments were performed using a standard microscope with incident illumination (Zeiss Axio Imager.A1m with Hal 100 light-source) set to an intensity that generates a photon count of 8 MHz at the SPAD in the absence of magnetic particles. For the experiments a highly diluted solution of magnetic particles (BangsLabs, MicroMod, Spherotech) was used, which permits to manipulate single particles. Fig. 6 shows a magnetic microparticle of 1 m diameter positioned and held over a SPAD by the magnetic field. 
Size detection via photometry
The experiments for the particle size detection were performed using a microscope objective with a long focal length (Zeiss "Epiplan" 10×, NA = 0.2, f = 18.4 mm). The SPAD, whose signal is recorded, is placed in the center of the objective's lightspot. We count the pulses emitted by the SPAD circuit using a LabView controlled computer interface (NI TB-2715, National Instruments). The signals, measured during the passage of microparticles of different sizes (1, 3 and 5 m), are plotted in Fig. 7a . Since the maximum photon count varies between experiments, the signal was normalized to permit a better comparability of the measurements. A first comparison with the theoretical model in Fig. 5b shows a strong resemblance between the curves, which indicates the validity of the photometry approach.
Particle velocity measurements
In parallel with the particle size measurements we examined the duration of particle displacement. The parallel observation of two adjacent SPADs permits the detection of particle departure and arrival as visible in Fig. 7b . During the time interval t between the micro-eclipses over the neighboring SPADs, the magnetic particle travels the distance of six windings, which amounts to d = 210 m. The ratio of the traveled distance d and the elapsed time t is the average velocity of the magnetic particle. Table 1 presents the average velocities measured for different types of commercially available particles used in the experiments.
Results and discussion

Particle size determination via photometry
An examination of Fig. 7a shows a dependence between the decrease in photon count and the particle size, as expected from Eq. (1). When comparing our measurements with the photometry model, we need to take the different wall thicknesses of the capillaries used during experiments into account, and hence the distance to the SPAD. The experiments for particles with a diameter smaller than 15 m were performed in a capillary with a wall thickness of 25 m, whereas larger particles were manipulated in a capillary with 100 m thick walls. Fig. 8 presents the theoretical and measured photon counts, demonstrating a very good accordance between the photometry model and experimental values. The increased variation for smaller particles, that is visible in the graph, can be ascribed to the size distribution of the particles, which is increasing for smaller particles, and an uncertainty in the manipulation of real particle singlets. Due to the optical observation system's constellation, the distinction between singlets and multiplets of particles was not always possible for very small particles. A comparison of the curves in Fig. 8 also shows that a decrease in capillary sidewall thickness increases the system's sensitivity towards particle size. Thus a thinner capillary sidewall will permit a better distinction between small particles. On the other hand does the decrease in distance between the sensor and the particle limit the maximum detectable size. Once the projected particle radius R p surpasses R * , the photon count will drop to a minimum value common for all larger particles. Thus the sidewall width of the capillary needs to be chosen according to the range of particle sizes of interest in combination with Eq. (1).
Particle velocity evaluation
Our measurements of the particle speed (Table 1) show that the velocity, which is in the range of m/s, increases with particle size and magnetite content. Based on the known particle size and the parameters of the system, such as viscosity and magnetic field gradient, we are able to convert the measured velocity into the magnetization M according to Eq. (4). A summary of the different magnetic particles is shown in Table 1 . A comparison with the magnetic content given by the particle supplier, showed a dependence between the volume magnetization and the magnetite content, which is in agreement with theory [19] . In Table 1 we can see, that a loss in magnetic force, which scales by the order of three, can be offset by an increase in magnetite content. The resulting larger magnetic moment enables smaller particles to still overcome the viscous drag force and move into a given direction. Our results additionally indicate the influence of the magnetic particle properties. Since ferromagnetic material is less easily magnetized than the superparamagnetic particles, the volume magnetization is smaller at the field strength present in the capillary.
The particle velocity also allows an estimation of the forces obtained by the magnetic actuation. With a viscosity for water of η = 1 mPa s we calculate forces on the particles in the upper fN range, using Eq. (2).
Conclusion
Our experiments demonstrate the advantages and the potential of the combination of magnetic actuation and optical detection in one single CMOS chip. We are able to show the possibility to actuate and detect single particles of 1-30 m diameter, with a minimum distance to the sensor of 25 m, using a modular system with an exchangeable microfluidic component. We demonstrated that a decrease in the distance between the sensor and the particle can increase the particle size resolution, but limits the range of detection. The simultaneous and automated detection of velocity and size of single particles enables a wide range of particle characterizations and offers many applications in bio-analytical systems [20] . Since the principles of actuation and detection are not coupled, we can envisage using the particles as mobile substrates to transport biomaterials of interest, e.g. cells, and to perform on-chip analysis without interference between actuation and detection. With magnetic particles enclosed within or attached to a single cell, the latter can be transported and studied automatically within the system. The size can be obtained via the micro-eclipse measurements, while the determination of the velocity permits calculating the content of bound or incorporated magnetic material in the cell or its surface, linked to chosen cells properties [21] .
In conclusion we can state that the combination of magnetic actuation and integrated optical detection represents a promising approach to miniaturized systems for on-chip bio-analysis. U. Lehmann et al. / Sensors and Actuators B xxx (2007) 
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